Many multifunctional tumor suppressor proteins have low stability, a property linked to cancer development. The von HippelLindau tumor suppressor protein (pVHL) is one of these proteins. pVHL forms part of the E3 ubiquitin ligase complex that regulates the degradation of the hypoxia-inducible factor (HIF). Under native conditions, free pVHL is a molten globule, but it is stabilized in the E3 complex. By using molecular dynamics simulations, we observed that the interface between the two pVHL domains is the least stable region in unbound pVHL. We designed five stable mutants: one with a mutation at the interdomain interface and the others in the ␣-or ␤-domains. Experimentally, type 2B pVHL disease mutant Y98N at the HIF binding site was shown to destabilize pVHL and decrease its binding affinity to HIF. Our simulations showed that the decrease in pVHL stability and binding affinity are allosterically regulated. The mutations designed to stabilize unbound wild-type pVHL, which are away from the elongin C and HIF binding sites, successfully stabilized the Y98N pVHL-elongin C complex and lowered the binding free energy of pVHL with HIF. Our results indicated both the enthalpic and dynamic allosteric components between the elongin C and HIF binding sites in pVHL, in the ␣-and ␤-domains, respectively, mediated by the interdomain interface and linker. Drugs mimicking the allosteric effects of these mutants may rescue pVHL function in von Hippel-Lindau disease.
T he von Hippel-Lindau (VHL) tumor suppressor gene is mutated in the von Hippel-Lindau cancer predisposition syndrome and in sporadic, clear-cell renal carcinomas (RCCs) (1) (2) (3) (4) (5) . Germ-line mutations in this gene can cause the VHL hereditary cancer syndrome, which is characterized by the development of tumors of the central nervous system, kidney, retina, pancreas, and adrenal glands (6, 7) . Somatic mutations of the VHL gene also play an important role in the development of sporadic hemangioblastomas and RCC, the most common form of adult kidney cancer (8, 9) .
The function of the VHL tumor suppressor protein (pVHL) has been explored extensively. pVHL binds to elongin C and elongin B (10) (11) (12) (13) and functions as the substrate-recognition component of the E3 ubiquitin protein ligase complex that negatively regulates the hypoxia-inducible factor (HIF) under normoxic conditions (9, (14) (15) (16) (17) (18) . HIF is composed of two nonidentical subunits, HIF-␣ and HIF-␤ (19, 20) . HIF-␤ is stable but HIF-␣ is degraded by pVHL during normoxia (17, (20) (21) (22) (23) . Loss of pVHL or hypoxic conditions results in HIF-␣ accumulation and, when bound to HIF-␤, leads to the formation of the HIF heterodimer (5) . The heterodimer binds to specific DNA sequences and activates the transcription of some hypoxiainducible genes, such as vascular endothelial growth factor (VEGF), which promotes tumor growth and vascularization (24) (25) (26) (27) . pVHL has two domains, ␣ and ␤. The ␣-domain and the interdomain linker bind to elongin C (13) , whereas the ␤-domain interacts with HIF (15, 28, 29) . The carcinogenic mutations are mostly in the HIF and elongin C binding sites, affecting the major function of pVHL. Sutovsky and Gazit (30) reported that free pVHL is a molten globule with marginal stability under native conditions. These authors analyzed the stability of pVHL in solution under physiologically relevant conditions by using several biophysical techniques, including dynamic light-scattering and gel-filtration chromatography, and observed a much larger Stokes radius of purified pVHL than in the crystal structure. Their near-UV circular dichroism experiments further indicated the absence of a tertiary structure. pVHL stability is greatly improved after binding to elongin C and elongin B (31, 32) . There is evidence that the renal cell carcinoma risk in type 2 von Hippel-Lindau disease correlates with defects in pVHL stability and HIF-1␣ interactions (31) . Type 2B mutants Y98N and Y112N do not affect the binding of pVHL to elongin C to form the CBC VHL binding complex; however, at physiological temperature its stability is lower. Interestingly, mutants that lowered pVHL stability also significantly influenced the ubiquitin ligase activity toward HIF-1␣ in vitro (31) . Recently, Jung et al. reported that E2-EPF UCP destabilizes pVHL and stabilizes HIF (33) . These studies provide evidence indicating that pVHL stability correlates with its function of binding to HIF.
pVHL is not the only marginally stable tumor suppressor protein. Other tumor suppressors, such as p53 and p16, also have low intrinsic thermodynamic stabilities (34) (35) (36) (37) . Involvement of p53 nonfunctional mutations in cancer has been related to low intrinsic stabilities (34) and considerable efforts have been invested in stable p53 design (35, 38) . Comparison of the human and worm p53 structures have also suggested a way to stabilize human p53 (36) . However, there are few studies on the origin of pVHL instability, correlated allosteric effects between its two binding sites in the ␣-and ␤-domains and the involvement of the interdomain interface and linker in the effects of cancer-related mutations, and on the design of stable pVHL.
In this study, we first performed molecular dynamics simulations on unbound human pVHL and on pVHL bound to elongin C. We observed that the most unstable motifs were in the interface between pVHL ␣-and ␤-domains. Among these interdomain interface motifs, the interdomain linker and its linked helix in the ␣-domain (H1) were also part of the pVHLelongin C binding site. We mutated residues whose motions were strongly correlated with these two motifs, and following our p53 strategy, selected corresponding residues from the worm pVHL (36) . Five mutations were performed creating five mutants. Similar to the p53, here too the worm-based residue substitutions stabilized the human pVHL.
We proceeded to study the renal cell carcinoma type 2B mutant Y98N, experimentally demonstrated to be less stable and to have lower binding affinity with HIF than wild-type pVHL (31) . Consistent with experiment, we observed that this mutation destabilized the pVHL and that there is a correlation between the stability and binding affinity of pVHL and HIF. We next inserted the G123F and D179N stabilizing mutations derived from the worm pVHL sequence into the Y98N cancer-related mutant. We observed that these worm-based substitutions not only stabilized the wild-type pVHL, but also pVHL mutant Y98N and improved the stability of pVHL bound to HIF. That is, the G123F and D179N mutations can rescue mutant pVHL stability and thus apparently its function as a HIF binding module. We further observed that these mutations also stabilized the pVHL-elongin C complex. Our results clearly indicated both the enthalpic and dynamic allosteric components between the elongin C and HIF binding sites in pVHL, in the ␣-and ␤-domains, respectively, mediated by the interdomain interface. The methods used here could be general and prove useful in identification of allosteric sites for mutant engineering and drug discovery and design.
Results and Discussion
Comparison of Unbound and Bound pVHL. The crystal structure of pVHL bound with elongin C and elongin B (13) had two domains, ␣ and ␤. The C-terminal ␣-domain consisted of three ␣-helices, H1, H2, and H3. The N-terminal ␤-domain of pVHL consisted of a seven-stranded ␤-sandwich and an ␣-helix, H4. The two domains were connected by two linkers, the L8 and L11 loops, and polar interactions between the H1 helix and the L6 loop at the interface. pVHL interacted with elongin C by the ␣-domain H1, H2, and H3 helices and the L8 loop interdomain linker, as shown in Fig. 1 . Sutovsky and Gazit (30) demonstrated that the unbound form of pVHL was a molten globule. However, binding to elongin C and elongin B stabilized pVHL (13) . We performed molecular dynamics simulations for both unbound pVHL and pVHL bound to elongin C. As expected, unbound pVHL was much less stable, in agreement with experiment ( Fig.  2a) . To understand the origin for the unbound pVHL instability, we analyzed the pVHL domains ␣ and ␤ and their interface. The ␤-domain was the most stable segment in both unbound and bound pVHL with the lowest rmsd fluctuation (Fig. 2b) . As to the ␣ domain, even though both the unbound and bound pVHL had increased fluctuations ( Fig. 2c) and change in the radius of gyration [supporting information (SI) Fig. 7 ], the differences between the unbound and bound forms were not significant. However, the interface between the ␣-and ␤-domains had increased rmsd (Fig. 2d ) and radius of gyration (SI Fig. 7 ) for the unbound pVHL but not for the bound form. These results suggested that both ␣-and ␤-domains were relatively stable in the unbound pVHL; however, the region largely responsible for the structural fluctuation was the interface between these two domains. Binding to elongin C stabilized the interface and thus the whole pVHL. The details of the rmsd values for the bound and unbound pVHL are presented in SI Table 1 .
Design of Mutants to Stabilize Unbound pVHL.
Because the most unstable part of pVHL was the interface between the ␣-and ␤-domains, to stabilize pVHL we needed to stabilize the interface. However, the interface also included regions that were bound to elongin C. To choose mutation sites that stabilized pVHL without interrupting the binding of pVHL to elongin C, covariance matrix maps and residue-based fluctuations were examined. Because we suspected that mutations elsewhere in the structure might have allosteric effects, we first identified regions of pVHL whose motions were strongly correlated with the interface residues. These regions should present the most significant change in their correlated motions to the interdomain interface between the unbound pVHL and the elongin C bound state. The covariance map difference between the unbound and bound forms of pVHL is shown in Fig. 3a . Overall, as expected, the correlated motions between the residues were stronger in the unbound pVHL than in the bound form. The region between the two lines, including L8 and H1, is the interdomain interface. As shown in Fig. 3a , the L2, L3, L4, L6, L7, L8, H1, and L10 motifs (positions marked in Fig. 3b ) present the most significant change in the correlated motions to L8 and H1 after binding to elongin C. The motifs with the largest correlated motions with L8 and H1 should be potential mutation targets for stabilizing unbound pVHL. Examination of the root mean squared fluctuations (RMSF) plot (Fig. 3b ) confirmed that bound pVHL had lower fluctuations than unbound pVHL in these motifs. Among these, L2 and L4 are from the ␤-domain and fluctuated to a lesser extent. Both L7 and L10 are away from either interface or binding sites. L7 is from the ␤-domain and L10 is from at the ␣-domain (see Fig. 1 ). The L6, H1, and L8 motifs are at the ␣-and ␤-interdomain linker or interface that overall showed the largest instability (Fig. 2 ). L8 and H1 are also in the binding region to elongin C. We examined the residues in the peaks in these areas. We noticed that the peak residues of L2, L4, L8, and H1 were involved in either binding to elongin C or HIF thus could not be mutated. Therefore, residues G123 from L6 at the interface, V142 and D143 from L7 at the ␤-domain, and D179 and V181 from L10 in the ␣-domain were selected as the potential mutation sites to stabilize pVHL (circled in Fig. 3b ).
Like pVHL, p53 is also an unstable tumor suppressor protein. Molecular dynamics studies suggested that the worm p53 is more stable than human p53 and that mutating human p53 according to the worm p53 sequence can enhance the stability of human p53 (36) . We hypothesized that worm pVHL might also be more stable than human pVHL. Because, unlike p53, the worm pVHL crystal structure is unavailable and we encountered difficulties in building a reasonable homology model, we performed only a sequence alignment between human and worm pVHL (SI Fig.  8 ). The alignment suggested only 25% overall sequence identity; however, most binding site residues were conserved, suggesting functional conservation between the human and worm pVHL. Nonconserved residues were selected as candidates for mutations in the correlated regions discussed above. Five human pVHL mutants, G123F, V142P, D143R, D179N, and V181I, were generated, located in L6, L7, and L10. Molecular dynamics simulations were performed for these mutants. The rmsd plots are shown in Fig. 4 . All five mutants are more stable than the wild type. Among these, the G123F (in L6) and D179N (in L10) mutants stabilize unbound pVHL the most. The covariance maps (SI Fig. 9 ) also show that G123F and D179N mutants have a lesser change in the correlated motions than the unbound wild type when compared with the bound. L6 is in the interdomain interface. L10 is far away (Fig. 1) .
Rescuing pVHL-HIF Binding Affinity. Previously it was suggested that cancer-related type 2B mutation Y98N destabilized the pVHL when it was bound to elongin C (31). The same Y98N mutation also decreased the binding affinity of pVHL with HIF. The association rate of the Y98N mutant with HIF only decreased by twofold compared with the wild type; however, the dissociation rate increased Ͼ285-fold. This mutation was in the ␤-domain, at the HIF binding site (Fig. 1) . This was not a unique case for a protein-protein binding dissociation rate to change much more dramatically than an association rate. In 1994, Bjork et al. reported such differential changes in the association and dissociation rate constants. They suggested that the contributing factor was the change in stability rather than the binding site conformational change (39) . These observations implied that the stability of pVHL when in complex with elongin C and the pVHL-HIF binding affinity might be correlated, suggesting long-range effects. We performed simulations for the pVHLelongin C complex for the wild-type and Y98N mutants. The rmsd plot in Fig. 5 showed that the structure of the Y98N mutant was less stable than the wild type, which was consistent with the experiments; at the same time the snapshots in SI Fig. 10 suggested that the conformation was unchanged for the Y98N mutant compared with the wild type.
To understand whether the stability and binding affinity are correlated, we needed to stabilize pVHL Y98N mutant when bound to elongin C. Because G123F and D179N were found to be able to stabilize the unbound pVHL, simulations were performed with pVHL-elongin C complex for G123FY98N and D179NY98N double mutants. We observed that the G123F and D179N mutations (derived from the worm sequence) can stabilize the disturbed Y98N structure of pVHL when bound to elongin C, as shown in Fig.  5 . We also performed simulations for the pVHL-elongin C-HIF complex to examine how these mutations would affect the binding free energy of pVHL and HIF. Knauth et al. (31) reported that Y98N had a much lower binding affinity than the wild type. Our calculations showed that G123FY98N and D179NY98N double mutations significantly lowered the binding free energy by Ϫ12.6 and Ϫ12.8 kcal/mol, respectively. Neither G123 nor D179 are in the binding site of pVHL and HIF: one is in the interdomain interface and the other is in the ␣-domain. Nevertheless, mutations far away from the HIF binding site significantly changed the binding free energy.
We investigated the binding site of pVHL-HIF. In the crystal structure, HIF Hyp-546 (hydroxyproline) formed multiple van der Waals contacts with pVHL Trp-88, Tyr-98, Ser-111, His-115, and W117, making a major contribution to the binding of pVHL and HIF. The distances between the residue pairs are shown in SI Fig.  11 . Only the wild type had all residue contacts during the simulations. Mutants Y98N, G123FY98N, and D179NY98N all had loose contact between Hyp-546 and the mutated Asn-98, which is understandable; the change of tyrosine 98 to asparagine alters the hydrophobic core formed in the wild type by Trp-88, Tyr-98, and Trp-117. All of the other residue pair contacts of the mutants were as in the wild type. Thus, except for the loss of the Y98-Hyp-546 interaction, no dramatic changes were observed in the binding site of the Y98N mutant compared with the wild type; yet at the same time, the mutations significantly lowered the binding energy of pVHL and HIF.
The whole picture of pVHL-elongin C-HIF complex may provide an answer for this apparent paradox. Comparisons of the snapshots ( Fig. 6 ; pVHL in blue; elongin C, red; HIF, green) clearly showed that the pVHL-HIF binding sites for these four complexes (the wild type and three mutants) did not change significantly, but the binding sites of pVHL interacting with elongin C were different in these four cases. In the wild type (Fig. 6a) , the ␣-helix of elongin C formed a four-helix hydrophobic core with the pVHL three helices. However, these contacts are lost in the Y98N mutant (Fig.  6b) . The double mutations G123FY98N and D179NY98N (Fig. 6  c and d) , in part, restored these contacts. Therefore, even though the double mutants did not change the binding site of pVHL-HIF, they stabilized the binding of pVHL with elongin C compared with Y98N. The allosteric effect of the Y98N mutant at the HIF binding site caused a small conformational change at the pVHL-elongin C binding site, thereby leading to a less favorable enthalpy change; however, the favorable enthalpy change was restored by the double mutations. Those mutations were also away from the pVHLelongin C binding site, yet their motions correlated with the interdomain linker.
The covariance maps showed that the correlated motions between HIF and elongin C binding sites in the double mutants (SI Fig. 12b and c) are more similar to those of the wild type than those of the Y98N mutant (SI Fig. 12a ). The change in the pVHLcorrelated motions between the HIF and elongin C binding sites in the Y98N mutant may be the reason behind the loss of binding of elongin C to pVHL. The snapshots (Fig. 6) confirm that the elongin C-pVHL binding was affected by the pVHL-HIF interaction. Unlike the pVHL-elongin C-HIF complex, the pVHL-elongin C complex (SI Fig. 10 ) has the stable elongin C-pVHL interface for all of four simulations, including the Y98N mutant. This result confirmed that binding with HIF influences the pVHL-elongin C binding for the Y98N mutant.
In 2006, experiments carried out by Popovych et al. suggested that dynamics-driven allostery can be mediated solely by protein motions (40) . The pVHL Y98N mutant presented both conformation- and dynamics-driven allostery. The binding to HIF led to a significant decrease in flexibility and entropy penalty. At the same time, the loss of the favorable pVHL-elongin C binding accounted for the less favorable enthalpy change. The combination of these two factors led to the weaker affinity of Y98N mutant binding to HIF. The decrease in flexibility in the double mutants G123FY98N and D179NY98N is less significant; thus, the entropy penalty is lower. The remaining pVHL-elongin C binding decreases the loss of enthalpy change. Therefore, these double mutants can increase the binding affinity compared with that of the Y98N mutant binding to HIF.
These results also provided an explanation for the differential change of association and dissociation rate constants for pVHL-HIF binding between the wild type and the Y98N mutant. The fact that the association rate constant of the wild type was only two times that of the Y98N mutant may be explained by the observation that the binding of pVHL-HIF is not greatly affected. Most contacts with Hyp-546 still exist except at the mutation. However, as noted above, the dissociation rate constant of the Y98N mutant increases 285-fold compared with the wild type. This can be explained by the binding of Y98N mutant pVHL to elongin C being affected after the pVHL-HIF interaction. Loss of pVHL-elongin C binding by the Y98N mutant reduced the pVHL-HIF dissociation rate constants significantly because the pVHL-elongin C binding loss contributed significantly to less favorable enthalpy change. Although the double mutants G123FY98N and D179NY98N did not change the binding sites of pVHL-HIF, they restored the binding of pVHL-elongin C. Therefore, we propose that although the double-mutant association rate constants would not change significantly compared with the Y98N mutant, they would significantly decrease the dissociation rate constants of Y98N, thus enhancing the binding of pVHL and HIF to rescue pVHL function.
Allosteric binding sites can be targets for drug discovery. For G protein-coupled receptors (GPCRs) and ligand-gated ion channels (LGICs), allosteric modulators have been extensively investigated in drug discovery (41, 42) . We propose that mimicking the allosteric effects of the stabilizing mutants could be a rescue strategy to restore pVHL function. To check the availability of such drug binding sites, we inspected the surface of pVHL mutants, as shown in SI Fig. 13 . Interestingly, for mutant G123F (SI Fig. 13a ), the mutation F123 is right in a pocket with depth of 17 Å and width of 20 Å, whereas for mutant D179N (SI Fig. 13b) , the mutation N179 is on the edge of a 12-Å-deep and 16-Å-wide pocket. Such pockets provide potential drug binding sites that could mimic the mutants. We further suggest that the computational protocol used here, involving identification of allosteric sites by large correlated motions to binding sites and examination of covariance matrix maps, could prove a general strategy for engineering rescue mutants and for drug discovery and design.
Conclusions
Molecular dynamics simulations of unbound pVHL and pVHL bound to elongin C suggested that the interface between the two domains of pVHL is the region largely responsible for the marginal stability of unbound pVHL. We expected that residues showing motions correlated with this region can be mutated to stabilize the unbound pVHL. We mutated such residues to their corresponding worm pVHL residues based on alignment between the human and the worm pVHL sequences. The simulations suggested that all mutants, G123F, V143P, D143R, D179N, and V181I, can stabilize unbound pVHL. Among these, G123F and D179N stabilized the unbound pVHL the most.
Simulations of the wild-type pVHL-elongin C-HIF and of the complex with pVHL cancer-related mutation Y98N revealed a lower affinity to HIF by this type2B pVHL disease mutation than the wild type. This observation can be understood: On the one hand, the fluctuations in the Y98N mutant in the pVHL-elongin C complex were much higher than those in the wild type; yet the structural fluctuations after binding to HIF were very similar to the wild type. This dynamically driven allostery contributed to a higher entropy penalty. However, binding of Y98N to HIF disrupted the pVHL binding to elongin C. These results also explained the differential change in the dissociation and association rate constants of the wild type and the Y98N mutation as observed in experiment. The designed mutants that can stabilize unbound pVHL, such as G123F and D179N, can improve the binding affinity of pVHL by stabilizing the pVHLelongin C and rescue the pVHL binding to elongin C during the 10-ns simulations. We propose that drugs mimicking these mutants can stabilize pVHL in the von Hippel-Lindau disease and provide a rescue strategy to restore pVHL function. We further propose that the method described here to identify unknown allosteric sites could be a general strategy, potentially useful in engineering mutants, and in drug discovery and design.
Computational Methods
Molecular dynamics (MD) simulations were performed with a CHARMM 22 (43) force field by using CHARMM (44) . The starting structure of the unbound and bound pVHL was constructed from the crystal structure solved by Stebbins et al. (13) (PDB ID code 1vcb) . For the structure of the pVHL bound to elongin C, only elongin C residues 58 -112 were used because coordinates were unavailable for the eight-residue gap between residues 49 and 58, and the solved elongin C structure for residues 17-49 was far away from the binding site of pVHL-elongin C. The starting structure of pVHL-elongin C-HIF complex was generated from the crystal structure solved by Min et al. (29) (PDB ID code 1lm8) with the same elongin C truncation. The mutations were selected from a sequence alignment with the worm pVHL. Mutant structures were built from the wild-type model, with all of the backbone atoms superimposed on the corresponding atoms of the wild-type structure. The side chains were generated by using CHARMM and underwent 500 steps of energy minimization with the rest of the protein fixed to remove any steric conflicts before the MD simulations were performed. All models were solvated in a TIP3P water box with a minimum distance of 10 Å from the edge of the box to any protein atom. The charges of the system were neutralized by adding chloride or sodium ions. To eliminate residual unfavorable interactions between the solvent and the protein, the solvated systems were first minimized for 500 steps with the protein restrained followed by another 500 steps of minimization for the whole system by using the steepest decent algorithm. After 20 ps equilibration with the NVT ensemble, the production simulations were performed for 10 ns with the NPT ensemble at a temperature of 300 K. During the production simulations, the time step was 2 fs, with a SHAKE constraint on all bonds containing hydrogen atoms, and the nonbonded cutoff was 12Å. Structures were saved every 2 ps. The simulation results were analyzed with CHARMM.
The contribution of mutations to the binding energy of pVHL and HIF was evaluated by using the following equation:
⌬⌬G͑VHL-HIF͒ ϭ ⌬G mut1 ͑VHL-HIF͒ Ϫ ⌬G mut2 ͑VHL-HIF͒.
The binding free energies were as follows:
⌬G͑VHL-HIF͒ ϭ G͑VHL-HIF͒ Ϫ G͑VHL͒ Ϫ G͑HIF͒.
G could be described as
where EMM is the molecular mechanical energy of the system consisting of all components in the CHARMM potential energy function, and Gsolv could be written as two terms: Gelec and Gne. The electrostatic contribution to the solvation energy Gelec was calculated with the Generalized Born using the Molecular Volume (GBMV) method (44, 45) . The nonelectrostatic term Gne was calculated through solvent-accessible surface area (SASA) calculations. TSMM is the entropy contribution calculated by the harmonic approximation for the temperature 300 K. Energy calculations were performed on 5,000 structures extracted from the simulation trajectories at 2-ps time intervals during the 10-ns simulations. Statistical analysis was performed by obtaining the overall averages from these 5,000 structures.
